In this study, we analyzed the influence of oxygen in PFOA photocatalytic oxidation induced by UV-activated TiO 2 . Semiconductors, in particular TiO 2 , are characterized by an electronic band structure in which electrons from the valence band (V b ) are promoted to the conductive band (C b ) with the simultaneous generation of positively charged holes (h + ) in the V b by the absorption of a photon flux of energy equal or higher to the bandgap energy. The electron-hole pairs can recombine in a few nanoseconds, or they can be trapped in surface states where they can react with donor or acceptor species adsorbed on the photocatalyst surface [33] . Interface redox reactions involving both excited electrons and photogenerated holes must compete effectively with the recombination processes of the electron-hole pairs [34, 35] . In the presence of water and oxygen, hydroxyl radicals ·OH and superoxide ions O 2 − · are generated [36] . These intermediates are strong oxidizing species able to mineralize organic compounds [37, 38] . However, an extensive debate on the oxidative pathway of PFOA exists nowadays, because it has been demonstrated that ·OH radicals generated by Fenton reagent are not very effective in the PFOA mineralization [30, 39] and that Ti IV OH· + can take an active part in the mineralization reaction [27, 40, 41] .
Despite the numerous studies on PFOA oxidation, at the moment a complete rationalization of the decomposition pathways is not available. The interpretation of experimental findings, as well as a priori calculations reported in the literature, are often in apparent contradiction [19, 26, 30] and provide an incomplete interpretation of the PFOA oxidation mechanism [25] or, in some cases, the
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A c c e p t e d M a n u s c r i p t 4 experimental findings are complementary [18, 21] . The intent of this work is to give our contribution to the understanding of this intriguing reaction. In particular, we focused on the influence of oxygen in the photocatalytic oxidation of PFOA induced by UV-activated TiO 2 and we obtained that, differently from static conditions, a continuous oxygen feeding enhanced the decomposition of PFOA till its mineralization. On the contrary, PFOA photooxidation was hindered in a nitrogensaturated reaction environment.
The use of oxygen excess directed the PFOA decomposition through a reaction pathway involving the formation of oxygen-centered perfluorinated radicals as major intermediates. As already hypothesized, the perfluorinated oxyradicals preferentially followed a β-scission route by releasing carbonyl difluoride, COF 2 , as a specific by-product, which can be hardly isolated due to its rapid hydrolysis in aqueous media [42] . Carbonyl difluoride is an important intermediate for the industrial synthesis of key fluorinated monomers and it is essential in the preparation of fluoroplastics and perfluororubbers [43] [44] [45] . In this work, we firstly report that the intermediate COF 2 can be isolated in pure form and in good selectivity by performing the photocatalytic oxidation of PFOA in a suitable perfluorinated aprotic solvent, instead of water. Moreover, in these conditions the catalyst deactivation due to fluoride ions is mostly inhibited [27] . As often happens, a more complete understanding of a reaction mechanism gives more options in the utility of the reaction under study [46, 47] . In particular, in the photocatalytic oxidation of PFOA a new chemical route has been identified for the synthesis of carbonyl difluoride, COF 2 .
Materials and methods

Materials
Perfluorooctanoic acid (purity 96% -from Sigma Aldrich ® ) was used as received. PFOA is soluble in water (9.5 g/L) and its critical micelle concentration (CMC) is 7.80 · 10 -3 mol/L at 25°C [48] .
Titanium dioxide P-25 (75% Anatase, 25% Rutile) was supplied by Evonik ® and it was tested as a titanium-based photocatalyst. The coexistence of anatase and rutile in commercial P-25 causes the 
Photocatalysis
The photocatalytic apparatus was a 1 L glass stirred reactor equipped with an iron halogenide UV lamp (500 W, Jelosil ® HG500) emitting light at wavelengths of 315-400 nm and able to irradiate the reactor with a specific power of 75 W/m 2 . The UV lamp was placed beside the reactor, which was cooled with water at a temperature of 30.0 ± 0.5°C [27] . Titanium dioxide was introduced in the reactor at the beginning of each test (0.66 g/L) [27] . The variation of the surfactant concentration in solution was monitored by Total Organic Carbon (TOC) analysis and Ionic Chromatography [27] .
The PFOA initial concentration ([PFOA] 0 = 4 mM) was maintained lower than its CMC (7.8 mM [48] ) in order to avoid the formation of emulsions that would reduce the TiO 2 -promoted photodegradation rates [27, 28] . Moreover, the PFOA initial concentration was high enough to allow the detection of the degradation intermediates, even at very low concentrations. Each kinetic test was repeated three times in order to evaluate the error extent and realized by collecting samples (10 ml) of the reaction mixture at predetermined reaction times. Samples were centrifuged and filtered through a 0.45 μm polycarbonate membrane in order to separate the TiO 2 powder from the solution.
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Photocatalytic process could be commonly described in terms of a modified LangmuirHinshelwood (L-H) model, which has been successfully used for heterogeneous photocatalytic degradation by determining the relationship between the apparent first-order rate constant and the initial content of the organic substrate [50, 51] :
In Equation 1, r is the reaction rate, C is the pollutant concentration in solution, C 0 is the initial organic content, k r is the reaction rate constant, K S is the adsorption rate constant, t is the time and k app the apparent first-order rate constant. In the original L-H model the rate constant k r and the adsorption constant K S are independent of light intensity and K S should not vary with the light intensity because it represents the adsorptive affinity of a substrate on the catalyst surface.
Differently, in the modified L-H model the light intensity can affect both kinetic constants (k r , K S ), as reported in the literature [50, 51] .
The effects on PFOA photocatalytic oxidation due to both oxygen excess and deficiency in the reaction environment were evaluated by running and comparing the results of specific kinetic tests; A c c e p t e d M a n u s c r i p t 7 fluoride-promoted deactivation of the catalyst (see Table S .I.11 in the Supporting Information for more details).
Detection of carbonyl difluoride
The intent of this test was the detection of COF 2 , hypothesized as a specific by-product in the PFOA degradation pathway based on the β-scission reaction. automatically by comparing the sample with a calibration curve obtained from PFOA solutions at defined concentrations. In the kinetic study of PFOA degradation, the data obtained by TOC analysis were considered for the calculation of C/C 0 ratios. The PFOA degradation generated fluoride ions in solution and their concentration was monitored by Ion Chromatography (IC) with a Metrohm 883 Basic IC Plus.
TOC analysis and ion chromatography
High-Performance Liquid Chromatography with Mass Spectrometry (HPLC-MS)
Analytes separation was performed by using an Agilent 1100 Series HPLC Value System, acids; see Appendix A) and the integrals of the peaks ascribable to CF 2 signals.
X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy spectra were obtained by using an M-probe apparatus (Surface Science Instruments). The source was monochromatic Al Kα radiation (1486.6 eV). A spot size of 200 μm x 750 μm and pass energy of 30 eV were used. 1s level hydrocarbon-contaminant carbon was taken as the internal reference at 284.6 eV. Fittings were performed by using pure Gaussian peaks, Shirley's baseline, and without any constraints. X-ray photoelectron spectroscopy analysis was performed to study the composition of the photocatalyst surface after the photodegradation of a PFOA solution in Galden ® HT-170. The TiO 2 sample for XPS analysis was obtained by centrifuging and filtering through a 0.45 μm polycarbonate membrane the surfactant solution at the end of the reaction (15 h); the sample was then dried in inert atmosphere for 24 hours and analyzed.
High resolution XPS analyses in the typical zone of C 1s (as reference) and Ti 2p were performed.
Results and discussion
Photocatalytic oxidation of perfluorooctanoic acid
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The solubility of perfluorocarboxylic acids can be approximated to their critical micelle concentration (CMC). In particular, PFOA is characterized by a CMC of 0.0078 M and above this value PFOA molecules tend to aggregate in micelles of average dimension around 100 nm, originating a colloid [48] . Below the CMC, PFOA molecules are expected to exhibit lower chemical stability than PFOA aggregates towards the coupled effect of TiO 2 and UV light [28] . On the basis of the optimizations achieved in previous studies [27, 28] , the general experimental conditions were reported for benchmarking purposes with the experimental TOC concentrations ( Fig. 1-A) . PFOA degradation kinetic data were interpolated by pseudo-first order curves (R 2 > 0.96) which enabled the comparison of the apparent rate constants, k app ( Fig. 1-B ). In the Air test, TOC content and PFOA concentration resulted to be constantly decreasing along the whole experiment and a substantially constant gap can be observed ( Fig. 1-A [27] . The gap between the trends of TOC content and PFOA degradation was substantially constant after 7 h. The N 2sat test was run in N 2 pre-saturated reaction environment and a very low decrease in the TOC content was observed ( Fig. 1-A) : at the end of the test mineralization was slightly higher than 2%. Differently, the residual oxygen content present in the N 2 test due to the air-saturated initial solution raised the final mineralization to more than 50% and the PFOA abatement was about 71% (Fig. 1-A) . These results are in complete agreement with the expected behavior of the system by supporting the enhancing role of oxygen in the reaction mechanism of PFOA photodegradation.
The linearization of PFOA degradation data are reported in Figure 1 (Fig.1-B in accordance to the literature [24] . The absence of any PFOA abatement in the dark test confirmed also that PFOA adsorption on the TiO 2 surface was negligible.
PFOA degradation intermediates were identified and quantified by HPLC-MS analysis. In the Air test, the concentration trends of the degradation intermediates in solution followed a well-defined order: the higher the molecular weight of the intermediate, the higher its presence in solution (PFHpA > PFHxA > PFPeA > PFBA > PFPrA > TFA) (Fig. 2-A and 2-B) . PFHpA concentration increased up to a maximum value (0.632 mM) followed by an evident decrease. This concentration trend can be related to the C n → C n-1 chain length degradation pathway. It is important to notice that the shorter-chain acids formation during PFOA decomposition observed at the beginning of the reaction and the presence of TFA and PFPrA after 30 minutes (Fig. 2-B ) cannot be ascribed to the generally accepted photo-redox consecutive C n → C n-1 chain length decrease mechanism [29] .
These findings can be justified by an alternative decomposition mechanism based on the elimination of COF 2 as a decomposition product induced by β-scission reactions of oxyradicals, in competition with the stepwise chain length decrease [28] . Overall, the concentration trends of were 0.008 and 0.002 mM, respectively. In fact, in O 2 starvation, the PFOA abatement appeared to follow the generally accepted stepwise C n → C n-1 chain length decrease mechanism and the PFOA concentration decreased constantly with gradual increase in C 7 -C 6 acids content and relatively low formation of shorter chain acids. In N 2sat test, the very limited PFOA abatement (Fig. 1 ) and the related small increase in the PFOA degradation intermediates concentrations (Fig. 2-G respectively; F -yields were around 10% and 5%, respectively. These results confirm that the photocatalytic degradation of fluorinated surfactants in solution is significantly influenced by the presence of dissolved oxygen.
19 F-NMR results
Referring to the labeled formula CF 3(η) CF 2(ζ) CF 2(ε) CF 2(δ) CF 2(γ) CF 2(β) CF 2(α) COOH, the assignments of PFOA in the 19 F-NMR spectra (Fig. S independently from the terminal CF 3 integrals; thus, the ratio ϑ is expected to decrease. (N 2 test) , the photo-redox C n → C n-1 chain length mechanism appears to be preponderant. In the case of PFOA degradation in the presence of naturally dissolved oxygen (Air test), a balanced coexistence of β-scission and photo-redox pathways is possible.
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It is also interesting to compare the CF 3(η) signals obtained at different PFOA mineralization (Fig. 3-A ). In the spectra of Air test at 15 h and O 2 test at both 7 and 15 h, the well-resolved triplet of triplets of the PFOA CF 3(η) signal at -81.86 ppm varied in multiple signals resulting from the partial overlapping of several contributions: a triplet at -82.15 ppm due to PFPrA, a triplet of triplets at -82.03 ppm due to PFPeA and a multiplet in the range between -81.86 and -81.92 ppm due to overlapping triplets of triplets ascribable to PFOA, PFHpA, PFHxA and PFBA [55] [56] [57] [58] [59] [60] [61] . This transition confirmed the coexistence of comparable amounts of different perfluorocarboxylic acids (C 8-3 ). In addition, the presence of TFA (C 2 ) was also proved by its distinctive signal at -76.55 ppm to low concentration of shorter perfluorocarboxylic acids [55] [56] [57] [58] [59] [60] [61] . In N 2 test at 15 h and in Air test at 7 h, only a broadening of the intense signal of the CF 2(α-ζ) peaks was observed.
β-scission of perfluorooxyradicals and carbonyl difluoride detection
The PFOA degradation passes through the formation of oxygen-centered perfluororadicals, as already reported in the literature [28] . The commonly accepted mechanisms foresee that these radicalic intermediates evolve by producing unstable perfluorinated alcohols, which further decompose to perfluoroacyl fluorides by eliminating hydrofluoric acid [65] . However, the β-scission reaction of perfluorinated oxyradicals (C n O) is thermodynamically favored with a low kinetic barrier; shorter carbon-centered perfluoroalkyl radicals (C n-1 ) and COF 2 are formed as reaction products [18] . Perfluoroalkyl radicals continue the degradation pathway and COF 2 is 
Suggested mechanism for PFOA photocatalytic oxidation
The experimental results discussed in this work allowed new insights on the PFOA degradation mechanism. In particular, the role of oxygen, the concentration trends of the degradation It is commonly recognized that the PFOA degradation mechanism is initiated with the excitation of titanium dioxide caused by the irradiation of UV light [29, 36, 66] ; after being excited by UV radiation (Fig. 5 -Reaction A c c e p t e d M a n u s c r i p t
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Alternatively, peroxyradicals can react with molecular oxygen originating oxyradicals and releasing ozone that can react with C 7 radicals, generating further oxyradicals [18] .
Primary perfluorinated alcohols produced in reactions (d) and (g) are widely reported as thermodynamically unstable (from -80 to -160 kJ/mol) and originate the corresponding acyl fluorides and hydrogen fluoride (Fig. 5 -Reaction h ) [68, 72] ; in the presence of water, the acyl fluorides hydrolyze to carboxylic acids (Fig. 5 -Reaction i) [72] [73] [74] [75] . The carbon-centered perfluorinated radical is redirected at the step of reaction (e), while fluorophosgene is quenched in the aqueous environment generating hydrogen fluoride and carbon dioxide [72] . It is remarkable that the mechanism based on β-scissions can promote an almost complete PFOA decomposition without the formation of perfluorinated acids as intermediates.
Thus, the key steps of the complete oxidation mechanism are represented by the two competing reactions: the bimolecular reduction of the oxyradical activated by TiO 2 surface (Fig. 5 -Reaction   g ) and the monomolecular β-scission generating COF 2 and C n-1 radical (Fig. 5 -Reaction j) .
M a n u s c r i p t 
Conclusions
The photocatalytic oxidation of PFOA promoted by titanium dioxide was studied by testing the reaction in different conditions: static air, oxygen flux, nitrogen flux and pre-saturated nitrogen flux.
The effects of oxygen excess or defect in the reaction environment were evaluated in different kinetic tests by measuring mineralization degrees and fluoride releases by TOC analysis and IC, respectively. Concentration trends of PFOA degradation intermediates were also determined by HPLC-MS and 19 F-NMR analyses. In particular, the disclosure of very short chain acids at the beginning of the reaction suggested the presence a PFOA oxidation mechanism alternative to the stepwise photo-redox C n → C n-1 pathway: the β-scissions routes mediated by COF 2 elimination.
The mechanism based on β-scission reactions appeared to be dominant in O 2 -enriched solutions,
A c c e p t e d M a n u s c r i p t 24 while in O 2 -starving conditions the photo-redox C n → C n-1 chain length decrease mechanism prevailed. These hypotheses were confirmed by detecting carbonyl difluoride, COF 2 , specifically produced in the β-scission pathway. An appropriate kinetic test was set for COF 2 
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